Among the many environmental parameters that may affect the feeding activity of the blue mussel, Mytilus edulis, the algal concentration seems to be the most important. Under optimal conditions, M. edulis tends to filter the ambient water at a maximum rate, but under sub-optimal conditions, including very low algal concentrations, the filtration rate is reduced (Riisga˚rd, Egede & Saavedra, 2011) .
In general, filter-feeding bivalves reduce their filtration rate by reducing or completely closing their valve-gape. The valve closing-opening response to the absence or presence of algal cells has been thoroughly studied in M. edulis and other filterfeeding bivalves by, e.g. Hopkins (1933) , Thompson & Bayne (1972) , Jørgensen (1975) , Higgins (1980) , Riisga˚rd & Randløv (1981) , Bernard (1983) , Jørgensen et al. (1988) , Ward & Targett (1989) , Riisga˚rd (1991) , Ward, Gassell & Macdonald (1992) , Clausen & Riisga˚rd (1996) , Eriksen & Iversen (1997) , Thorin, Bourdages & Vincet (1998) , Newell, Cambill & Gallagher (1998) , Dolmer (2000a, b) , Newell, Wildish & Macdonald (2001) , Riisga˚rd, Kittner & Seerup (2003) , Riisga˚rd, Lassen & Kittner (2006) , Lassen et al. (2006) , Marie et al. (2007) , Saurel et al. (2007) , Pascoe, Parry & Hawkins (2009) and Filgueira, Ferna`ndez-Reiriz & Labarta (2009) . Controlled laboratory studies, using video-camera recording of valve-gape responses of M. edulis to absence or presence of algal cells in the ambient water, have revealed that the critical algal concentration below which the mussel closes its valves is between 0.9 (Riisga˚rd et al., 2006) and 0.5 mg chl a l 21 (Pascoe et al., 2009) . The relation between valve gape of M. edulis and filtration rate was studied by Jørgensen et al. (1988) using a holder fitted with a screw that could be used to control the valve gape. A causal relationship was found between valve gape and filtration rate, whether opening of the valves was actively determined by the mussel or passively adjusted by the screw. Reduction of valve gape was found to be accompanied by retraction of mantle edges and exhalant siphon. The form and area of the exhalant opening were partly determined by valve gape and partly by 'the result of complex local muscular activity', but Jørgensen et al. (1988) suggested that reduced valve gape results in a reduction in the distance between opposing bands of water-pumping lateral cilia on the gill filaments which reduces the filtration rate.
The biological implications of the feeding behaviour of M. edulis should be interpreted on the basis of naturally occurring phytoplankton biomass (expressed as chlorophyll a) in the sea, where the concentration is typically between about 1 and 5 mg chl a l 21 (Riisga˚rd et al., 2014a, b: table 5) . But, because mussels are often living in dense beds, the actual phytoplankton biomass to which the mussels are exposed (and evolutionarily adapted) may frequently be strongly reduced (e.g. Dolmer, 2000a, b; Nielsen & Maar, 2007; Saurel et al., 2007) and, likewise, starvation often occurs in winter periods with no primary production(e.g. Dare & Edwards, 1975; Dare, 1976) . During such starvation periods M. edulis reduces its valve gape and thereby strongly reduces the filtration rate (Riisga˚rd et al., 2003 (Riisga˚rd et al., , 2006 Lassen et al., 2006; Saurel et al., 2007) . According to Jørgensen, Møhlenberg & Sten-Knudsen (1986) the oxygen uptake of mussels becomes reduced when the filtration rate (ventilation rate) is reduced below a threshold of 20% of the maximum value. This occurs because the oxygen uptake is governed by the diffusive boundary layer between the laminar ventilation current and the mantle cavity and because the uptake decreases steeply with decreasing ventilation. With this background it may be hypothesized that mussels save energy during starvation periods by reducing their valve opening. Thus, by reducing the water transport through the mantle cavity the mussel may reduce its oxygen uptake and thereby achieve a reduced metabolism resulting in reduced body-weight loss during a starvation period. In the present study, this hypothesis was experimentally tested by comparing the actual body-weight loss (denoted G act ) of mussels during a long-term starvation period with the estimated weight loss (denoted G est ) assuming that the respiration rate is similar to that measured on fully open and filtering mussels.
Blue mussels, M. edulis, were collected in February 2011 in Great Belt (Denmark). In the laboratory a starvation experiment was run with a group of 62 mussels (mean shell length ¼ 22.92 + 0.68 mm) placed in an aquarium (15 l) with aerated well-mixed seawater (20 psu, 12.9 + 2.6 8C). A possible effect due to crowding of mussels in the aquarium, which decreased as samples were taken, was believed to be insignificant due to a regular regime of water changes. Thus, to avoid accumulation of excretion products and bad water quality, the water was regularly (2-3 d) replaced with fresh bio-filtered seawater. The water exchange often stimulated the mussels to open their valves, but only for a short period of time, and otherwise the mussels remained more or less closed. On days 0, 44, 104 and 159, from 15 to 17 mussels were removed from the aquarium to allow measurement of the dry weight of soft parts (W, 24 h at 90 8C) and shell lengths (with a Vernier gauge). No mortality of mussels was observed during the starvation period.
For actively filtering and fully open mussels, the respiration rate (R, ml O 2 h 21 ) depends on body dry weight (W, g) as described in the following equation given by Hamburger et al. (1983) :
Assuming this to be valid during starvation and that 1 ml O 2 equals 0.97 mg dry weight of soft parts (Dare & Edwards, 1975) , we can estimate the metabolic rate of loss 
Therefore, considering a size group of mussels, the mean value of m act for actual growth ( positive or negative) from W 0 to W t during period Dt ¼ t 2 0 equals the slope of the linear regression line of a plot of ln W versus t or, according to Eq. (3), as the coefficient in the exponent of an exponential regression equation of a plot of W versus t. Using m act and the definition (m ¼ W 21 dW/ dt) we calculate the actual rate of weight loss from:
where we use W ¼ (W 0 W t ) 1/2 as a mean value over the period. The condition index (CI) of the mussels at given times during the starvation experiment was calculated from the dry weight of soft parts (W, mg) and the shell length (L, cm) according to the formula: Figure 1 shows the decrease in mean dry weight of soft parts of mussels during the 159 d starvation period. The coefficient in the exponent of the exponential regression equation shows that the mean weight specific growth rate is m act ¼ 20.003 Table 1 shows the actual weight loss of starved mussels (G act ¼ 2W m act , Eq. 4), the estimated metabolic loss of dry weight of soft parts (G est , Eq. 2) and the ratio (G est /G act ) which shows that the estimated weight loss is from 10.4 to 12.3 times larger than the actual weight loss during the starvation period. This corresponds to a decrease in the estimated specific growth rate (m est , Eq. 2) from 23.15 to 23.72% d 21 during the starvation period, which may be compared with the actual mean of m act ¼ -0.3% d
21 . The present starvation experiment supports the hypothesis that during a starvation period M. edulis is able to reduce its respiration rate by supposedly reducing its degree of valve opening and thus the ventilation rate and oxygen uptake (Jørgensen et al., 1986) , so that the actual metabolic weight loss is reduced 10.4 to 12.3 times (Table 1) . A number of observations in previous studies support our hypothesis as it appears from the next section and Table 2 .
The rate of estimated and actual weight loss both decrease with time as the dry weight of soft parts becomes smaller (Table 1 ). For comparison, Table 2 shows results from three previous starvation studies (Riisga˚rd & Randløv, 1981: O II ). Table 2 also includes two cases from a natural mussel bed (Dare & Edwards, 1975: fig. 1 Fig. 1 ), estimated metabolic loss of soft dry weight (G est , Eq. 2), and their ratio (G act /G est ).
Shell length, Values of estimated rates of weight loss, hence also the ratio G est /G act in Table 1 , depend on the biochemical composition (i.e. proportions of protein, carbohydrates and lipids) of the dry flesh that is metabolized during starvation. Starvation predominantly affects the specific content of glycogen as shown by Pleissner et al. (2012) , who also revealed a strong correlation between CI and specific glycogen content. Protein and lipid may also be metabolized during starvation (Dare & Edwards, 1975; Pleissner et al., 2012) but, as long as the decrease in body dry weight (DW) is due to combustion of stored glycogen, a conversion value of 1.16 mg DW (ml O 2 ) 21 may apply according to the calorific value of 4.2 cal (mg DW) 21 given by Dare & Edwards (1975: 94) 21 (used in Eq. 2) would imply about 20% higher values of the ratio G est /G act which, however, could be too high an estimate, because a significant loss of protein has been observed late in a starvation period (Dare & Edwards, 1975: 96) .
The minimum algal concentration needed to stimulate M. edulis to keep its valves open and filter at a maximum speed is nearly identical to the algal concentration needed to cover the mussel's maintenance energy demand. Thus, Clausen & Riisga˚rd (1996) found that the algal (Rhodomonas sp.) concentration needed to cover the energy cost of maintenance (m act ¼ 0) is 814 cells ml
21
, or 1 mg chl a l 21 . Valve movements of starved M. edulis in filtered sea water were measured continuously over several days by Famme & Kofoed (1980) using an electrical transducer and they found that the closed-valve condition predominated, the times spent open being short. Famme (1980) measured the oxygen consumption in the mantle cavity of a mussel by drilling two holes in the one shell valve and making a closed circuit with water being pumped through an oxygenelectrode chamber. He found that valve closure soon resulted in reduced oxygen consumption to a level of 16% of that in open mussels. According to Jørgensen et al. (1986) , the water flow through the mantle cavity of M. edulis is laminar and the rate of oxygen uptake is determined by diffusion through boundary layers and body tissues, whereas according to Famme (1980) oxygen transport via blood seems to be of minor importance, the gills mainly serving a feeding function. Therefore, the low rate of oxygen consumption in mussels with reduced valve gape is a consequence of decreasing water flow through the mantle cavity. Eriksen & Iversen (1997) measured the change in the respiration rate of M. edulis after addition of algal cells. Before the addition of algae the valves of the mussels were 'only slightly opened' but within 1 to 2 h the valves were fully open and a 50% increase in oxygen uptake was observed along with an increase in the filtration rate, which is in agreement with Jørgensen et al. (1986) . The present Eq. (2), m est ¼ 21.11W 20.34 , is identical to the basic bioenergetic growth model (BEG) for M. edulis (Riisga˚rd et al., 2014a, b: eq. 3) when applied to starving mussels (no algal cells present in the ambient water, i.e. C ¼ 0 mg chl a l
) and, when ignoring the account of metabolism of growth, setting the divisor a 0 (that is part of the coefficient 0.986) to 1.0 in place of 1.12, i.e. m BEG ¼ 20.986 Â 1.12 W 20.34 ¼ 21.11 W 20.34 . For fully open and maximally filtering mussels, i.e. when the chl a concentration is above the lower trigger level for incipient valve closure, the BEG model is generally in good agreement with the actually measured positive growth; but obviously the BEG model does not directly apply for starving mussels. This was also emphasized by Larsen, Filgueira & Riisga˚rd (2014) , who suggested a tentative ad hoc modification of the BEG model for low values of chl a (, 1 mg l 
). The modification ensures a smooth transition for C ! 0, such that filtration rate approaches zero as observed by Rosland et al. (2009: fig. 4 ) and respiration rate approaches 10% of the normal to reflect the reduced respiration when the mussel closes its valves, cf. Jørgensen et al. (1986) . In view of the frequency with which mussels in the field experience shorter or longer periods with low algal concentrations (Dolmer, 2000a, b; Tweddle, Simpson & Janzen, 2005; Nielsen & Maar, 2007; Riisga˚rd et al., 2007; Saurel et al., 2007) it is striking that only a few experimental studies have so far been conducted in order to understand the bioenergetically important valve opening-closing mechanism and its physiological implications. Although M. edulis is able to live anaerobically for several weeks when the valves are completely closed, it tends to use oxygen when available since that allows a more economical use of the stored fuel reserves (mainly glycogen). Anaerobic respiration has a net yield of two ATP molecules per molecule of glucose (derived from hydrolysis of glycogen in the storage tissue), whereas the aerobic route yields 36 ATPs (de Zwann & Mathieu, 1992; Goslin 2003) . Jørgensen (1990: 72) suggested that valve-closing should be interpreted as 'an energy-saving adaptation or as an exaptation' and the present work supports this suggestion by having quantified the actual amount of metabolic energy saved by valve-closing during a long-term starvation period, although the valve-closing degree and length of periods with possible complete valve closure was not explicitly monitored and quantified. However, the short time periods spent open by a starving mussel (cf. Famme & Kofoed, 1980) might indicate that a hitherto overlooked 'starvation openingclosing behaviour' could be a possible mechanism by means of which the mussel maintains a low oxygen uptake and thus avoids switching on the much less efficient anaerobic metabolism. Hopefully, the present work will stimulate such future studies.
